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Abstract: Organ development analysis plays an important role in assessing an individual’ s
growth health. In this study, we present a non-invasive method for the quantitative characterization
of zebrafish multiple organs during their growth, utilizing Mueller matrix optical coherence
tomography (Mueller matrix OCT) in combination with deep learning. Firstly, Mueller matrix
OCT was employed to acquire 3D images of zebrafish during development. Subsequently, a deep
learning based U-Net network was applied to segment various anatomical structures, including
the body, eyes, spine, yolk sac, and swim bladder of the zebrafish. Following segmentation,
the volume of each organ was calculated. Finally, the development and proportional trends of
zebrafish embryos and organs from day 1 to day 19 were quantitatively analyzed. The obtained
quantitative results revealed that the volume development of the fish body and individual organs
exhibited a steady growth trend. Additionally, smaller organs, such as the spine and swim
bladder, were successfully quantified during the growth process. Our findings demonstrate that
the combination of Mueller matrix OCT and deep learning effectively quantify the development
of various organs throughout zebrafish embryonic development. This approach offers a more
intuitive and efficient monitoring method for clinical medicine and developmental biology studies.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Numerous factors influence the growth and development of humans and animals, leading to
varying developmental states during embryonic development. Insufficient nutrition, poor living
conditions, and heredity can contribute to developmental delays, deformities, and even multiple
organ failure in severe cases [1,2]. Therefore, early diagnosis of embryonic development is
essential for both human and animal health.

In recent decades, zebrafish has been widely used as a research model for organ and embryo
development due to their small size, transparent embryos, ease of in vitro fertilization observation,
and strong reproductive capacity [3]. Furthermore, zebrafish and humans share up to 70% gene
homology [4], making zebrafish an invaluable experimental model for studying developmental
biology, embryogenesis, pathology, and developmental regeneration [5,6]. Riddle et al. summa-
rized the use of zebrafish as a model to study the influence of nutrition on embryonic structural
development and emphasized their potential in investigating developmental nutrition control [7].
Han et al. employed zebrafish to investigate the effects of precise folic acid supplementation
doses on embryonic and heart development, concluding that both insufficient and excessive folic
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acid levels could lead to developmental abnormalities such as ventricular pericardial edema or
abnormal cardiac circulation [8]. Huang et al. recognized the advantages of zebrafish in studying
craniofacial bone development due to their simple craniofacial structure, transparent embryos,
and ease of observing facial morphogenesis [9]. This makes zebrafish a valuable model for
identifying environmental factors related to craniofacial skeletal malformation etiology. Qian et
al. showed that phthalates can cause spinal defects in zebrafish embryos [10]. Collectively, these
studies illustrate the widespread application of zebrafish in examining the impact of environmental
factors or nutritional intake on embryonic development. Both internal and external factors can
cause organ malformations, so it is necessary to accurately confirm organ structure in the study
of abnormal development of embryos and larvae. To provide a more precise diagnosis of organ
development, detailed segmentation of organs during growth is required. This analysis will reveal
vital information about the shape and volume changes of different organs throughout development
[11,12].

Currently, a variety of imaging techniques have been employed for studying zebrafish and its’
image segmentation, including computed tomography (CT) [13], positron emission tomography
(PET) [14], confocal microscopy [15], and fluorescence microscopy [16]. However, each method
presents its own set of limitations. CT involves exposure to high doses of harmful radiation. PET,
despite its widespread clinical use due to high tissue sensitivity and specificity, suffers from low
spatial resolution and accuracy. Additionally, PET imaging necessitates the use of a contrast agent,
making it difficult to diagnose many diseases [11,12,17,18]. Light and fluorescence microscopy
techniques are considered as standard imaging methods in zebrafish studies [19,20]. These
methods are particularly effective for imaging zebrafish embryos and larvae up to approximately
5 days post-fertilization (dpf) to 7 dpf. The efficacy of these techniques is primarily due to their
ability to capture high-resolution images of external morphological features, as well as facilitating
the investigation of interactions between different cell types during zebrafish development.
However, as the zebrafish matures and transitions into more advanced developmental stages, such
as the adult stage, the use of light and fluorescence microscopy decreases, owing to the increased
complexity and size of the organism, and the inherent challenges associated with visualizing
internal organs and tissues. In addition, fluorescence microscopy enables in vivo observation of
dynamic samples but requires a fluorescent dye [21]. Optical Coherence Tomography (OCT)
represents a non-invasive imaging technique that overcomes the limitations of other imaging
techniques, proving particularly useful for the imaging of adult zebrafish in longitudinal studies
focused on disease progression or drug response evaluation.

OCT is a biomedical imaging technology for subsurface tissue imaging with high resolution
(less than ten micrometers) and a penetration depth of several millimeters [22]. OCT relies on
the optical scattering properties of tissues, which exhibit contrast with biological structure and
phase information [23]. With its high-speed imaging, high signal-to-noise ratio, and non-invasive
nature, OCT has been found widespread application in biomedical research. OCT imaging is
similar to ultrasound B-mode imaging, except that it measures the echo delay and intensity of
back-scattered light rather than sound [24,25]. By scanning the optical beam across tissue samples
and measuring the back-scattered light as a function of axial depth and transverse location, OCT
generates cross-sectional, tomographic images of surface tissue micro-structures. By scanning
the optical beam across tissue samples and measuring the back-scattered light as a function of
axial depth and transverse location, OCT obtains cross-sectional, tomographic images of surface
tissue micro-structures. Stacking a series of 2D OCT images creates a 3D representation of tissue
morphology [26,27], providing further insight into sample characteristics through polarized light
analysis.

In this study, a combination of Mueller matrix OCT and deep learning was employed to
quantitatively analyze the development of multiple zebrafish organs. Zebrafish images from
1-19 dpf were obtained using Mueller matrix OCT. Deep learning was then implemented to
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automatically segment zebrafish organs, including embryos, eyes, yolk sac, and swim bladder.
We calculated the volume of each organ and determined their developmental trends over 19 days.
And then, we quantified the proportion of organs during zebrafish development. Our results
demonstrated that although the development of the spine and swim bladder progressed relatively
slower than other organs, the overall trend remained growth-oriented. Our findings indicate that
the presented method accurately observes the development of various organs during zebrafish
growth and provides a convenient and rapid approach for analyzing their morphological changes.
This method may also serve as an auxiliary tool for monitoring anomalies during zebrafish
development.

2. Materials and methods
2.1.  Preparation and culture of zebrafish

The animal protocol in this study was approved by the Committee on Animal Care and Use at
Fujian Normal University. Wild-type zebrafish were provided by the Zebrafish Resource Center.
The laboratory rearing tank was maintained at a temperature of 28.5 + 1.0°C and a hydrogen
potential (pH) of 7.0 +0.2. Zebrafish were kept in an environment with a 14-hour light and
10-hour dark photoperiod and had their water changed and were fed shrimp twice daily at 10 a.m.
and 3 p.m. [28]. Four zebrafish embryonic development over the course of 19 days were observed
by Mueller matrix OCT, starting from the first day after fertilization. The developmental process
was divided into two developmental stages, the embryos stage and the larvae stage. In the setup
of the experiment, 1-3 dpf was the embryos stage and 4-19 dpf was the larvae stage. In particular,
embryo age of 1dpf refers to 0-24hpf, 2 dpf refers to 24-48 hpf, and 3dpf refers to 48-72 hpf, and
more than 72 hpf refers to larva. Prior to image collection, zebrafish were anesthetized using a
solution of 10 ul MS-222 with 15 ml water. After image collection, the zebrafish used in the
experiment were transferred to clean water to recover and continue breeding.

2.2. Mueller matrix optical coherence tomography

A home-made spectral domain Mueller matrix OCT system employed in this study has been
described in our previous work [27]. The axial and lateral resolutions of the system in air are
8.9 um and 18.2 um, respectively. By adding the sample attenuation constant, our system has a
sensitivity of about 90 dB at surface, and a 24 dB drop was observed at about 1.5 mm below the
surface. The depth of imaging is about 1 mm. The system has a maximum scanning range of 24
mm. The differences from the previous system are as follows: A polarization state generator
(PSG, PG-001-13-FA/APC, Beijing Optical Application Co., LTD.) was integrated into our
Mueller matrix OCT system to control the incident light’s polarization state. A quarter-wave
plate (QWP) with an angle of 22.5° to the horizontal plane in the fast axis direction is placed
in front of reflected mirror. Polarized light is rotated 45° so that the horizontal and vertical
polarization components of the reflected light have the same intensity. In addition, our system
uses two spectrometers for simultaneous polarized light detection, enhancing data acquisition
speed. The spectrometer integrates a CCD camera of 1300 nm band with 2048 pixels, and the
maximum linear scanning speed reaches 76 kHz. The video acquisition card is connected with
cameralink cable, and the grating resolution reaches 0.07 nm.

2.3. Zebrafish data acquisition

Polarization-difference-balanced-detection images of zebrafish were obtained using Mueller
matrix OCT. This technique collected 400 cross-sectional images for each zebrafish, including
both valid zebrafish structures and invalid environmental data. The lateral scanning field of view
is adjusted with the growth of zebrafish in our experiment, and the maximum lateral scanning
range is 24 mm. The lateral scanning field of view from 0 to 7dpf is 4 mm. After 7dpf, the field
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of view changes to 6 mm. At the same time, a stereo microscope (Olympus-SZ61) equipped with
a digital camera (microrome 6 usb3.0 camera) was used to observe and record the various stages
of the zebrafish. In the data collection, the refractive index effect of sample was verified by slides.
The refractive index was offset by proportional calculation to verify the validity of the data.
Depending on the vertical and horizontal incidence polarization states and the detected
polarization state conditions, four different polarization state images can be obtained from each
cross-section image. The four polarization state images can be labeled as S;,Dy,, Si,D,, S,Dj,, and
SyD,,, where S and D represent the sample and the detection arm, respectively, and subscripts A
and v are horizontal and vertical line polarized light. From the four determined OCT images of
polarization state, the four elements of the Mueller matrix M can be calculated as following [29]:

Moo = (SpDy + SpDy) + (S,Dy, + S,D,) (1
Mo = (SpDy, + SpDy) — (S,Dy + S,D,) 2
Mo = (SpDy — SpDy) + (S,Dy, = S,D,) 3)
My = (ShDh - ShDv) - (Sth - Sva) (4)

Figure 1 displays an image of the four elements of the Mueller matrix. To more accurately
analyze the size and volume of zebrafish organs, the axial and lateral resolutions of Mueller matrix
OCT images were adjusted to the same size. The differences in dispersion can be attributed to the
disparate calculation methods applied on the two parameters. As M represents the polarization
difference image and My signifies the total light intensity image, the images produced based on
the respective computation methods of these parameters will inherently cause variation. Since
organ segmentation requires a higher level of image detail, we evaluated the amount of image
detail in different polarization states by comparing the region of interest (ROI) both inside and
outside the organ boundaries of juvenile zebrafish. If the proportion of the inner and outer ROI
regions is close to 1, the boundary difference between the two regions is small, indicating that the
image contains less information. Our previous study [30] confirmed that the embryonic boundary
of the M, image is clearer than that of the My image, so M| was selected to segment the yolk
sac and embryo contour during the first three days of embryo development.

For smaller organs of juvenile zebrafish, the eye was taken as an example to analyze which
polarization state image provides more detailed information, as shown in Fig. 2. In Fig. 2(a), the
ROI region of inner and outer boundaries of the eye in the Mo image are labeled as ROI-I and
ROI-II, respectively. ProMgo denotes the area ratio of the inner and outer ROI region in Mg

image’s boundaries, expressed as ProMyo = %. Similarly, ProM | represents the area ratio

of M, expressed as ProM;| = ggﬁ%, as shown in Fig. 2(b). Figure 2(c) displays the average
ratio results, with ProMy is about 0.5233 and ProM; is 0.6726. This suggests that the boundary
distinction of smaller organs in the My image contains more detail than that of the M| image.
Therefore, My was employed for multi-organ segmentation of juvenile zebrafish during 4-19 dpf
process.

2.4. Muilti-classification of zebrafish organs using deep learning

To better visualize and analyze changes in organ structure during development, deep learning
was employed to segment zebrafish organs. A total of 3,782 zebrafish images were collected
over 19 days by Mueller matrix OCT, with 41 valid datasets. Among them, 350 datasets were
manually labeled (as illustrated in Fig. 3), and these datasets were randomly divided into training
datasets (90%) and validation datasets (10%) to enhance the model’s robustness. The remaining
images (unlabeled) served as prediction sets. It is worth noting that the training process was
conducted on a computer with an 19-12900KF CPU, 128GB of memory, and an Nvidia RTX
4090 GPU. The U-Net network was chosen as the main trunk network, while ResNet50 was
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Fig. 2. Contrast analysis of ROIs in Mo and M. (a) Mg of zebrafish(the red box is
ROI-I,the blue box is ROI -II); (b) M; of zebrafish (the red box is ROI- III,the blue box is
ROI- IV); (c) Proportion of the ROI between My and M ;. scalar bar is 500 pm.

selected as the backbone feature extraction network [31]. The batch size was set to 8, and the
number of iterations to 300 based on our experimental environment. Additionally, the Adam
optimizer was applied to optimize the model [32]. The learning rate was initially set to 0.0001
with a decay rate of 0.9995. Mean pixel accuracy (MPA) was utilized to assess classification
accuracy. The formula for MPA is as follows [33]:

1
MPA = Ezfp,- ®)

where C is the number of classes in the segmentation results, P; is pixel accuracy for class i. The
proportion of correct classification in the segmentation result was calculated by MPA, and then
the average of this proportion is taken across all classes. MPA was measured every 5 batches.
The higher the MPA, the more accurate the segmentation result.

2.5.  Multi-classification volume quantification of zebrafish

2.5.1. Quantification of embryonic volume in zebrafish

The zebrafish embryo segmentation process is displayed in Fig. 4. First, zebrafish embryo data
from 1dpf to 3dpf were collected by Mueller matrix OCT during this stage. Then, M;; images, as
illustrated in Fig. 4(a), were taken to segment the zebrafish embryo outline and yolk sac structure.



Vol. 14, No. 6/1 Jun 2023/ Biomedical Optics Express 2894 |
Biomedical Optics EXPRESS A

S00pm

Fig. 3. Manual label image of zebrafish.

The segmented data was subsequently extracted to reconstruct a 3D image, as shown in Fig. 4(b).
Next, the zebrafish embryonic outline and yolk sac were segmented, as displayed in Fig. 4(c) and
(d). Finally, the contour volumes of the embryo and the yolk sac were calculated separately. The
specific calculation method involves calculating the total pixel count for the embryo and the yolk
sac in each M dataset. Each pixel was considered as an individual volume pixel. The x-z plane’
s actual area was determined by multiplying the axial resolution by the lateral resolution. The
actual volume of zebrafish embryo segmentation data was calculated by multiplying the x-z plane
area by the distance between images in the y direction.

Fig. 4. Zebrafish embryo collection and segmentation process based on Mueller matrix
OCT; (a) M images of zebrafish were collected by Mueller matrix OCT; (b) 3D zebrafish
embryo; (c) Segmented 3D zebrafish embryo outline; (d) Segmented 3D zebrafish yolk sac.

2.5.2. Quantification of multi-organs volume in zebrafish

As zebrafish develop from embryos, their organs gradually form. This stage starts on the fourth
day and ends on the nineteenth day. Figure 5(a) shows the cross-section of zebrafish collected
at this stage. About 100 valid data (excluding invalid data) were collected to calculate the
zebrafish organ volume for each zebrafish. To ensure uniform positioning during the collection
process, zebrafish were placed in a lying position on the Mueller matrix OCT sample arm, as
displayed in Fig. 5(b). Mueller matrix OCT’s advantage is its ability to capture a more complete
zebrafish structure compared to microscopic acquisition (Fig. 5(c)). Figure 5(b) displays a 3D
reconstruction of a zebrafish data group, where 3D organs such as eyes, spine, and yolk sac can
be clearly observed.

Organ volume was taken as a quantitative parameter to analyze zebrafish growth trends. The
detailed calculation method of organ volume is as follows: First, the effective pixels of each
B-scanned image were calculated, and the total number of effective pixels for a group of B-scanned
images was added to obtain the complete zebrafish group’s total pixel count. Each pixel was then
considered as a cube. The actual volume could be calculated by Volume = TP+LAR*LORx*D,
where TP is the zebrafish’s total pixel count, LAR and LOR are the value of a single pixel point
in the horizontal direction and axial direction in a B-scan image of Mueller matrix OCT system,
respectively, and D is the actual distance between each image.
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Fig. 5. Zebrafish images (a) zebrafish data collected by Mueller matrix OCT;, (b) a 3D
reconstruction of a zebrafish. (c) zebrafish by microscope.

2.6. Multi-classification proportion quantification method for zebrafish organs

To further analyze the zebrafish development process, the proportion of organs was calculated for
quantitatively analyzing zebrafish developmental progress. For 1dpf-3dpf zebrafish embryos,
the proportions of yolk sac volume to embryo outline volume by Mueller matrix OCT and yolk

sac area to embryo outline area by microscope were calculated, respectively. The proportion

Vofyulk andP . _ Snkyulk
Vofembryo micro Smfembryo

proportion and area proportion between the yolk and embryo outline by Mueller matrix OCT
and microscope, respectively. Vo_yoik, Sm—yoik» VO-embryo» and Sy _empryo denote the volumes and
areas of yolk sac and embryo outline by Mueller matrix OCT and microscope, respectively. For
juvenile zebrafish (4dpf-19dpf), the proportions of eyes, spine, and yolk sac to the zebrafish

. . _ Veyf _ Vspinc _ Vyolk — Viwim
body during 16 days were calculated using P; = Voot P, = Vioay P; = Vooay and Py = Vo

expression is Pocr = , where Pocr and Pjy;cr, represent the volume

respectively.

2.7. Growth curve

Mathematical modeling has great potential to improve the understanding of biological develop-
ment. Indeed, many models have successfully applied on the growth and development patterns of
skin pigment cells and the formation of zebrafish stripes [34,35]. Logistic regression model was
used for optimizing and estimating maximum likelihood estimation or gradient descent methods
[36]. The model has strong explanatory power and has been widely used in biology, economics,
ecology and other fields. The logistic equation is expressed as follows:

L
flx) = P (6)

where, L denotes the maximum value, k is the slope, x represents time, and x is the mean time.
In this study, the logistic regression model was applied to fit and quantify the organs of zebrafish,
so as to capture and analyze the development trend of each organ. In addition, we also used
logistic function to fit and analyze the actual measured data of zebrafish growth, so as to evaluate
the rationality of its development trend.

2.8. Data analysis

Data are expressed as mean + standard deviation. A two-sample t-test with unequal means
was completed to determine whether the difference was significant in the statistical parameters
between any two sample groups. Differences were regarded as statistically significant when
p <0.05.
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3. Results

3.1.  Segmentation of zebrafish organs based on deep learning

Deep learning was applied to segment and quantify the organs of zebrafish collected by Mueller
matrix OCT. Throughout the training process, each batch required about 57 seconds. The entire
training process took about 5 hours, 3 minutes and 26 seconds. It took about two minutes to
extract a new set of organ data from zebrafish using trained model. The Dice-Loss function
[37] was applied to address the imbalance problem of positive and negative data samples, as
illustrated in Fig. 6(a). From the Figure, Dice-loss results in a noticeable oscillation in the loss
curve’s decline. The MPA score of this model is 92.34, as shown in Fig. 6(b).

(a) loss (b) MPA
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Fig. 6. (a) the loss decline curve of model training; (b) the evaluation curve of training
MPA.

Using the trained model, five zebrafish organs, such as the body, eyes, spine, yolk sac, and
swim bladder were successfully segmented. These segmentation results provide a basis for
quantitative analysis of organ development in zebrafish.

Figure 7 displays the segmentation results of a single B-scan. We successfully segmented the
body, eyes, spine, yolk sac, and swim bladder of the zebrafish. (a) is the entire zebrafish, while
(b) to (f) show the body, eyes, spine, yolk sac, and swim bladder of the zebrafish, respectively.
Following the principle of a complete organ count, we determined the volume of the zebrafish by
summing the body, eyes, spine, yolk sac, and swim bladder volumes according to the multi-organ
segmentation results of the single B-scan in Fig. 7. Similarly, we calculated the yolk sac volume
by summing the yolk and swim bladder volumes.

(a)

500pm ) body

spine

fish maw

Fig. 7. Image of segmented zebrafish.
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3.2. Developmental volume of zebrafish embryos

Figure 8 illustrates the images of zebrafish embryo development from 1 dpf to 3 dpf acquired by
microscopy and Mueller matrix OCT. As seen in the figure, the embryo outline and yolk sac
areas decrease over time, with a significant decrease observed on the third day. Additionally, the
eyes and spine are clearly growing in Fig. 8(c) and (f).

()

Fig. 8. Images of zebrafish during 1-3 days post-fertilization (dpf). (a)-(c) Images from
microscope; (d)-(f) Three-dimensional segmented images by Mueller matrix OCT.

Figure 9(a) and (b) are the area of the embryo and yolk sac obtained by microscopy and
Mueller matrix OCT, separately. While Fig. 9(c) displays the volume of the embryo and yolk
sac from 1 dpf to 3 dpf development measured by Mueller matrix OCT. The area of the embryo
increases on the third day of development according to Fig. 9(a), which is inconsistent with our
observations in Fig. 8. And in Fig. 9(b), the area of zebrafish embryos measured by Mueller
matrix OCT is showing a gradual decreasing trend in the first three days of development, which
is consistent with Fig. 8. The same decreasing trend is shown in Fig. 9(c), which is consistent
with the actual embryonic developmental trend [38,39].

Furthermore, the proportion of yolk sac to embryo volume obtained by Mueller matrix OCT
and area proportion obtained by microscopy were quantified and shown in Fig. 9(d). From the
figure, the overall embryonic development trend exhibits a gradual decline, conforming to the
general developmental pattern [38]. These outcomes affirm the feasibility of our quantitative
method.

3.3. Developmental volume of zebrafish organs

Figure 10 illustrates the images of zebrafish development with 4, 10, 12 and 16 dpf acquired by
Mueller matrix OCT, respectively. As seen in the figure, the size of zebrafish increase over time.

Figure 11 displays the quantitatively calculated volumes of zebrafish during the developmental
process. This representation enables a more intuitive and clear analysis of zebrafish organ
development during the 4-19 dpf stage.

We separately calculated the volume of three zebrafish organs: the swim bladder, eyes, and
spine, as demonstrated in Fig. 11(b). From Fig. 11(b), it can be seen that the development of the
spine stabilizes within 16 days, while the development of the eyes exhibits a noticeable upward
trend. The swim bladder’s volume fluctuates and is unstable during the growth process.

Figure 12 shows the volume development trend of yolk sac of zebrafish. The yolk sac is
divided into two stages for statistics because the development of yolk sac is metabolic in the first
few days, and then grow gradually after the fifth day. As can be seen from Fig. 12 (a), the volume
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of yolk sac decreased rapidly in the first 4 days, stabilized at 4-7 days, and gradually developed at
8-19 days, as shown in Fig. 12 (b).

(@) yolk - (b) yolk
Joazss
0.25 . £.0,0286 1 0.07
- 0.06 I
0.20 I Voo = oo L
o R g -
Eﬂ.ls D4 DS D6 D7 E 0.04 . I ezt
rd 73 -
2 E -
£ S 003
Z 010 =
S °
= & 002
X
0.05 \ . - . 0.01
"'—_-1_-—7—'_7 -
0.00 R .-@Q\\\‘\.“;Eﬁh'\i‘q
DI D2 D3 D4 Ds D6 D7 TIIFT PPV

Fig. 12. Volume analysis of yolk sac of zebrafish by Mueller matrix OCT. (a) Line plots of
yolk sac development in 1-7dpf; (b) Bar chart of yolk sac development in 8-19 dpf.

Similar to our examination of zebrafish embryos in the previous section, the growth data
of zebrafish organs by quantifying the proportion of each organ were analyzed. Figure 13
presents the proportion of the eyes, spine, yolk, and swim bladder volumes to the zebrafish body
development volume at each developmental time point, represented by Py, P», P3, P4 (description
in section 2.6). In Fig. 13, P3 value also reflects the yolk sac volume fluctuation caused by
zebrafish feeding at 5 dpf. The P, and P4 curves exhibit no apparent changes relative to their
absolute volumes because these organs are relatively small in size, fluctuating between 1% and
2% compared to the body, consequently stabilizing the proportion data.

Proportion of multiple organs
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Fig. 13. Proportion of multiple organs.

3.4. Mathematical model of zebrafish organs development

Logistic function was employed to fit the data of multiple organs of zebrafish to confirm the
feasibility of our method and the reliability of the result [40]. Excluding the body volume and
1-7 dpf yolk volume, we uniformly adjusted the maximum ordinate of the organ development
fitting curve to 0.06 mm? for a unified observation. Figure 14 displays the logistic function fitting
results of the zebrafish multi-organ volume data. As seen in Fig. 14(a) and (b), the fitting results
reveal that the actual volume of the zebrafish body and eyes displays well with the theoretical data.
These fitting outcomes also confirm the validity of the body and eye data statistics in Section 3.3.
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As shown in Fig. 14(c) and (d), the spine and swim bladder exhibit a subtle increase in fitting,
which is consistent with the statistics in Fig. 11(b).
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Fig. 14. Logistic fitting curve of multiple organ volume of zebrafish. (a) body volume
fitting of zebrafish; (b) Eye volume fitting of zebrafish; (c) Spine volume fitting of zebrafish;
(d) Swim bladder volume fitting of zebrafish; (e) and (f) Yolk sac volume fitting of zebrafish
during 1-7dpf and 8-19dpf respectively.

Because the volume analysis of yolk sac was divided into two stages, the logistic fitting of its
volume was also performed in two stages. Figure 14(e) and (f) exhibit the yolk sac degradation
fitting within the first seven days of development and growth with external food absorption after
seven days, respectively. As shown in Fig. 14, the multi-organ fitting curve is consistent with the
experimental results, reflecting our experiment’s effectiveness.

4. Discussion

Unlike light and fluorescent imaging technology, OCT is a non-invasive imaging technique that
can be useful for imaging adult zebrafish and tracking disease progression or drug effects in
longitudinal studies [41,42]. Compared with conventional OCT, Mueller matrix OCT works by
assessing the polarization state of the scattered light. It eliminates the need for manual waveplate
adjustments during deflection, resulting in more precise polarization states. Mueller matrix
OCT enables quantitative analysis of tissue birefringence, which can provide information on
tissue structure and functional imaging. For example, My and M1; could be calculated from the
Mueller matrix OCT. In our study, Mueller matrix OCT combined with deep learning was used to
quantitatively analyze the development of multiple organs in zebrafish. By using Mueller matrix
OCT, the polarization images of zebrafish from 1-19dpf can be obtained, with high information
content.

To the best of our knowledge, the size of zebrafish embryo is generally estimated by the length
or diameter of the embryo from microscope, while the volume of the embryo is obtained by
using the diameter to estimate the volume of the embryo as a sphere [43,44]. It is known that the
embryo diameter is 0.4-0.7 mm diameter on the 1dpf according to the zebrafish embryo stage
development, corresponding to a volume of about 0.03-0.41 mm? [38]. It is particularly important
to monitoring the volume when zebrafish has abnormalities or lesions in the z direction. From
the microscope, volume monitoring can only be obtained by moving the zebrafish and imaging
it multiple times. This will cause measurement errors, and time consuming. The quantitative
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characterization of zebrafish multi-organ volume based on Mueller matrix OCT solves these
problems effectively. In this study, the organ volume of zebrafish from 1dpf to 19dpf was
quantified, and the volume development and growth curve was generated. The results show that
the growth of various organs during the development of zebrafish can reflect the developmental
characteristics of each stage more completely and precisely through the volume. By comparing
Fig. 9 (a) and Fig. 9 (b), the areas calculated using Mueller matrix OCT measurements appear
to be more consistent with morphological developmental trends than those using microscopic
measurements based on the analysis of the normal trend of zebrafish embryo development [39,45].
In addition, the data obtained by Mueller matrix OCT can be quantified and analyzed from the
volume perspective of the embryo development trends, providing a more reliable and intuitive
perspective for the quantification of embryonic volume.

From Fig. 11(a), it can be observed that the volume development of zebrafish organs
demonstrates a steadily increasing trend. This growth pattern is consistent with the typical growth
of zebrafish under normal feeding conditions [39,46]. From Fig. 11(b), it can be seen that the
development of the spine stabilizes within 16 days, while the development of the eyes exhibits
a noticeable upward trend. The swim bladder’s volume fluctuates and is unstable during the
growth process. As fish use the swim bladder to maintain balance in water, the organ contracts
and expands its smooth muscles and striated muscles to control gas volume in the water based on
depth. Smooth muscles, striated muscles, and blood vessels play a key role in the flow of gas to
and from the swim bladder [47]. So, the swim bladder’s size fluctuates as it grows. As shown
in Fig. 11(b), the minimum (4 dpf) and maximum (19 dpf) fish swim bladder values are 2.0 *
107> mm3and 5.6 * 1073 mm?, respectively. In Fig. 13, the percentage of P, and P4 for the spine
and swim bladder fluctuate between 1% and 2%. The comparison of the volume between 4 dpf
and 19 dpf reveals that the swim bladder volume gradually increases during 16 days of growth,
even considering factors that affect the organ’s contraction and expansion.

Figure 12 (a) shows the yolk sac volume increase on the fifth day, while fluctuations occur due
to the sudden intervention of exogenous feeding. The yolk sac is an important nutrient supply
source in the development stage of 1-7dpf, and it is usually gradually absorbed. For the first five
days, the yolk sac is the only source of nutrients. Beginning on the fifth day, external nutrition
is supplemented, and at this time, the yolk sac is not completely consumed. Thus, this stage
presents both endogenous and exogenous nutrients. From the seventh day, nutrition absorption
is mainly dependent on external feeding [48,49]. The volume of yolk sac increased linearly, as
shown in Fig. 12 (b).

Muller matrix OCT combined with deep learning was used to obtain polarization images during
the 1-19 dpf process of zebrafish development in our study. The organs were then segmented
to obtain the volume, and the volume growth index was further analyzed. Results provides an
effective means to monitor the development of zebrafish. Actually, Segmentation of zebrafish
organs may pose challenges due to the high complexity of organ morphology and the different
developmental stages involved [50]. For one thing, the small size of zebrafish embryos makes it
difficult to accurately segment internal organs, especially if the organs are close to each other. This
requires careful imaging and analysis to separate and segment individual organs with minimal
overlap or misclassification. Then, zebrafish embryos undergo rapid and complex developmental
changes, which poses challenges for accurate organ segmentation. The morphology and location
of organs can change rapidly over time, making it necessary to use imaging techniques with
high temporal resolution to capture these changes [16]. Additionally, Muller matrix OCT also
has its limitations in zebrafish imaging compared with traditional OCT [51]. The limitations of
Mueller matrix OCT include its complexity, slow imaging speed, limited availability, and high
cost. Mueller matrix OCT is a more complex imaging technique than traditional OCT, which can
make it challenging to use and limit its widespread adoption. Additionally, Mueller matrix OCT
is typically slower than traditional OCT, making it less suitable for imaging dynamic biological
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processes. However, Mueller matrix OCT also has unique prospects due to its ability to extract
more detailed information about the polarization properties of the imaged tissue. This can enable
more complex characterization of biological tissues at the microscale, leading to new clinical
and research applications.

5. Conclusion

In this paper, we proposed a multi-classification analysis method for zebrafish organs by combining
deep learning and Mueller matrix OCT. By utilizing Mueller matrix OCT, we quantified the
volume and growth trends of zebrafish organs from a 3D perspective. We also quantified the
proportion of select organs. Our results demonstrate that the general growth trend of zebrafish
increases gradually within 16 days. Although spine development is slow, it confirms the stable
growth trend with subtle changes. Finally, we used the logistic function to fit the data of zebrafish
multi-organs to confirm our method’s feasibility. The logistic function fitting results further
demonstrate the feasibility of the Mueller matrix OCT method in analyzing the growth and
developmental trends of zebrafish multi-organs.

Although the study is on a small number of samples, these results indicate that the organs
volume and growth trend of zebrafish during the development process. It can provide more
abundant analytical means for toxicology, developmental biology and other disciplines in the
analysis of organ developmental malformations.
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